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Structure of the N-Terminal Domain
of the Adenylyl Cyclase-Associated Protein (CAP)
from Dictyostelium discoideum
Theurkauf, 2000), the downstream regulators of these
pathways remain unclear. Only with the recent identifi-
cation of cyclase-associated proteins as develop-
mentally important negative regulators of actin polymer-
ization have signals from specific pathways been linked
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exhibits approximately 39% identity and 61% similarity
to CAPs from human and yeast, respectively, and pos-
sesses the CAP characteristic length and domain orga-Summary
nization (Gottwald et al., 1996). The amino-terminal do-
main of Dictyostelium CAP encompasses residuesCyclase-associated proteins (CAPs) are widely distrib-
uted and highly conserved proteins that regulate actin 1–225, followed by the proline-rich region (residues 226–
255) and the carboxy-terminal domain (residues 256–remodeling in response to cellular signals. The N ter-
mini of CAPs play a role in Ras signaling and bind 464) (Figure 1B). The amino-terminal region contains the
adenylyl cyclase binding site (Nishida et al., 1998), whileadenylyl cyclase; the C termini bind to G-actin and
thereby alter the dynamic rearrangements of the mi- the proline-rich middle domain interacts with proteins
containing SH3 domains. The carboxyl terminus is nec-crofilament system. We report here the X-ray structure
of the core of the N-terminal domain of the CAP from essary and sufficient for both protein oligomerization
and actin binding (Freeman et al., 1995; Gottwald et al.,Dictyostelium discoideum, which comprises residues
51–226, determined by a combination of single isomor- 1996; Wesp et al., 1997).
Despite its ubiquitous distribution and its involvementphous replacement with anomalous scattering (SIRAS).
The overall structure of this fragment is an  helix in signaling pathways, only a few studies on the structure
of the cyclase-associated proteins are in progress (Hof-bundle composed of six antiparallel helices. Results
from gel filtration and crosslinking experiments for mann et al., 2002). In this study we focus on the structure
of the CAP N terminus, which is apparently responsibleCAP(1–226), CAP(255–464), and the full-length protein,
together with the CAP N-terminal domain structure for the interaction with the adenylyl cyclase and is of
importance for the Ras signaling pathways. The N-ter-and the recently determined CAP C-terminal domain
structure, provide evidence that the functional struc- minal domain shows an all-helical bundle structure.
ture of CAP is multimeric.
ResultsIntroduction
N-Terminal Domain Constructs of CAPChanges in the equilibrium between the monomeric (G)
The original recombinant construct of residues 1–226actin and polymerized (F) actin in response to extracellu-
of Dictyostelium CAP harbored the complete N-terminallar signals affect the actin cytoskeleton, which controls
domain and was checked for its folding properties bycell shape, movement, polarity, and cytokinesis. Trans-
NMR spectroscopy. NMR spectroscopy is a powerfullation of extracellular and intracellular signals to changes
technique for studying folded-unfolded equilibria inin actin dynamics and organization is accomplished
macromolecules because an unfolded protein shows athrough an array of signaling pathways and proteins.
small dispersion of chemical shifts of amino acid resi-Although several important regulators of these path-
dues (Wu¨thrich, 1986; Zhang and Forman-Kay, 1995;ways have been determined, such as Rac, Rho, and
Rehm et al., 2002). This is particularly true for amideCdc42 (Hubberstey and Mottillo, 2002; Stevenson and
resonances that are clustered at around 8.3 ppm in the
proton spectrum of an unfolded protein. NMR spectra
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Germany. nance intensity pattern of the up-field shifted aliphatic
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Figure 1. Structural Conservation and Domain Organization of CAP Proteins
(A) Sequence alignment of ten proteins from various organisms. The alignment was initially performed with ClustalW (Thompson et al., 1994)
and subsequently manually modified. Conserved (100%) residues are boxed in dark blue, residues similar or conserved in more than four
proteins are boxed in light blue, and residues that coordinated the Mg ion in the dimer are black.
(B) Dictyostelium discoideum CAP has a highly conserved domain structure (Gottwald et al., 1996; Hubberstey and Mottillo, 2002; Paunola
et al., 2002). An adenylate cyclase binding domain (AC) and a dimerization domain (Di) are located at the amino terminus and are followed
by the proline-rich region (Pro) and the WH2 domain (which includes a highly conserved verprolin homology region (V)). At the carboxyl
terminus is an actin binding domain (Act) and a second dimerization site (Di). The N-terminal domain consisting of residues 51–226 (CAP-N)
used for our structure studies is highlighted.
resonances (from 0.3 ppm to 0.2 ppm) versus the inten- atom, and 698 water molecules, and it displays good
stereochemistry (Figure 2A). The two molecules are re-sity to the bulk aliphatic resonance lines at 0.8 ppm
allowed us to estimate that about 15% of the domain lated by a noncrystallographic 2-fold axis. The monomer
crystals consist of one CAP-N molecule, one MES mole-was in a random coil conformation (data not shown). The
spectra taken after 2 weeks, together with subsequent cule, and 257 water molecules (Figure 2B, Table 2). The
dimensions of the monomer are 33  52  30 A˚. Theamino acid analysis and mass spectrometry, revealed
cleavage of the first 50 N-terminal residues of this do- complete dimer has an approximate size of 64  54 
30 A˚. Comparison of the monomer structure with thatmain. Based on these results, we constructed and ex-
pressed a 176-residue segment from residue 51–226, of the dimer showed that they are essentially identical.
We use the higher-resolution structure of the dimericdesignated here as CAP-N, which proved to be folded
and stable for at least several months at 4C. form of CAP-N for describing the details of the CAP-N
fold.
Structure Determination
Initial crystallization attempts using CAP-N yielded only Overall Structure
The overall fold of CAP-N is presented in Figure 2, andpoorly diffracting crystals. When proteins were crystal-
lized immediately after gel filtration and always in the the secondary structure elements found in the dimeric
and monomeric forms are given in Supplemental Tablepresence of -mercaptoethanol, crystals were obtained
that diffracted to a better than 2.5 A˚ resolution on the S1 at http://www.structure.org/cgi/content/full/11/9/
1171/DC1. The CAP-N structure is an  helix bundlelaboratory X-ray source, and better than 2.0 A˚ on the
synchrotron. CAP-N crystallized both as a dimer and a composed of six antiparallel helices. Helix 1 is formed
by residues 52 to 73 and runs approximately antiparallelmonomer in the crystallographic asymmetric unit. The
dimer and monomer crystals had different morphologies to helix 2, which is the longest helix of the bundle (24
amino acids, residues 75 to 99). The two next helices,and diffracted to 1.4 and 1.7 A˚ resolutions in two different
symmetry groups, P1 and P21, respectively (Table 1). 3 and 4, are distorted and subdivided into 3a (resi-
dues 107 to 112), 3b (residues 114 to 128), 4a (137The structure of the P1 crystal was solved by SIRAS of
iridium-soaked crystals at the resolution 1.4 A˚ and re- to 143), and 4b (145 to 153). In 3, one turn is distorted
at residue 113; this residue hasφ and  values of95.4fined to an R value of 18.4% (Table 2). The final model
comprises the dimer molecule of CAP-N, a magnesium and 7.2, respectively. For 4,φ and  for the two amino
Structure of the Cyclas-Associated Protein
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Table 1. Data Collection and Phasing Statistics
Native Iridium Native
Data Collection
Space group P1 P1 P21
Cell constants (A˚) a  37.52,   97.42 a  50.19
b  42.13,   105.09 b  30.80,   110.73
c  53.74,   97.15 c  52.87
Resolution range (A˚) 20–1.4 20–1.7 20–2.3
Wavelength (A˚) 0.9760 1.105 0.9176
Observed reflections 3,602,228 208,923 46,028
Unique reflections 58,737 34,069 6,804
Whole Range
Completeness (%) 93.7 94.0 97.9
Rmergea 3.2 4.3 5.2
I	(I) 15.3 13.8 68.6
Last Shell
Resolution range (A˚) 1.42–1.40 1.74–1.70 2.34–2.40
Completeness (%) 92.9 93.1 98.9
Rmerge 12.8 21.0 10.7




Number of sites 5
a Rmerge  
(I  I)/
I; I is the intensity of an individual measurement and I the corresponding mean value.
b Phasing power  rms (|FH|/E); |FH| is the heavy atom structure factor amplitude and E the residual lack of closure.
c Figure of merit; FOM |F(hkl)best|/|F(hkl)|; |F(hkl)| is the amplitude of an individual structure factor amplitude, and |F(hkl)best| is the best estimate
for this amplitude.
acids 144 and 145 do not fit the ideal helix conformation ture is the presence of a MES molecule, which is hydro-
gen bonded to residues Lys92, Asn96, and Thr226.(φ, : 81.2, 7.1; 118.5, 1.2, respectively), and
the  angles for several residues in 4b are between These residues are located at the C terminus of the
longest loop of CAP-N and the linker between the N-the ideal values for  and 310 helices (the average φ and
 are 60 and 20, respectively). Helix 5 consists of and C-terminal regions (Figure 2B).
In the dimer, two monomers interact through helicesresidues 158 to 180; helix 6 (from 185 to 207) is ar-
ranged antiparallel to 1. A helical turn is also present 3 and 4 from each chain. This generates a 4 helix interac-
tion with a monomer/monomer interface that has mostlyat the C terminus of the molecule but does not partici-
pate in the formation of the bundle fold. A total of 69% hydrophobic character. The residues involved in the
metal binding site that holds a hexa-hydrated Mg2 are,of residues of CAP-N are involved in -helical structures.
Helices 3 and 4 are connected by a long 9 residue however, exclusively hydrophilic (Figure 2C). The tem-
perature factors, coordination characteristics, and dis-loop, which is stabilized by hydrogen bonding interac-
tions with Lys125 (helix 3b), Leu139, Ser140, and tances (about 2 A˚) leave no doubt that the coordination
is provided by a magnesium ion, as Mg2 was presentAla141 (helix 4a). The longest loop is near the C-ter-
minal part of the molecule and contains residues from at a high concentration in the crystallization medium.
Arg127, Asp128, and Glu144 from each monomer are at208 to 226. Because this long loop is stabilized only by
three hydrogen bonds (with residues Lys102, Tyr204, hydrogen bonding distances to water molecules, which
surround the metal ion at an average distance of 2.1 A˚. Aand Ile205), it may constitute a mobile element of the
structure. An interesting feature of the monomer struc- coordination sphere of positively charged amino acids,
namely Arg127, compensates for accumulation of nega-
tive charges from Asp128 and Glu144 from both chains.
In addition, hydrogen bonds are formed betweenTable 2. Refinement Statistics
Asp128 and Gly124, and NH of Glu144 contributes to
Dimer Monomer
the formation of another hydrogen bond with Ser140.
No. of reflections 3,602,228 3,201,134
Resolution (A˚) 20–1.4 20–1.7
R factor (%) 18.4 19.6 Structural Comparisons
Rfree (%) 21 24 The DALI algorithm found seven proteins with high simi-
Content of Asymmetric Unit
larity scores to the CAP-N structure (Table 3). The foldNo. of protein molecules 2 1
of the 14-3-3 proteins (PDB ID 1QJA) is the closest toNo. of protein residues/atoms 352/6,936 176/3,468
the CAP-N structure (z score  7.7; Table 3). Figure 3No. of solvent atoms 698 257
Other atoms or molecules Mg MES shows a structural alignment of CAP-N and the 14-3-3
Ramachandran Plot protein. All known structures of different 14-3-3 proteins
No. of residues in core regions 155 157 contain an 11  helix bundle with an up-down-up-down




Figure 2. Overall Structure of CAP-N
The secondary structural elements and the termini are labeled as in Supplemental Table S1. Pictures were produced with MOLSCRIPT (Kraulis,
1991) and RASTER3D (Merritt and Bacon, 1997).
(A) Ribbon presentation of the CAP-N dimer molecule with a magnesium ion and six residues involved in its coordination. Chain A is colored
in a blue-to-dark violet gradient and chain B is colored in an orange-to-green gradient. The dimer is shown from the bottom (in correlation
to the monomer) and rotated 90 to the right. The colors used for the atoms are: carbon, green; oxygen, red; nitrogen, blue; and magnesium,
black.
(B) Stereo ribbon presentation of the monomer molecule. Colors correspond to those of chain B of the dimer molecule. The side chains of
the residues involved in specific interaction and coordination of the MES molecule and the MES molecule itself are shown in a ball-and-stick
representation. The colors of the ball-and-stick are as follows: carbon, gray; nitrogen, blue; oxygen, red; and sulfur, yellow.
(C) Stereo view of a representative part of electron density map around the magnesium binding site. The 2|Fo|  |Fc| electron density map
(1.4 A˚ resolution, contoured at 1	 above the mean) corresponds to residues 127, 128, and 144 from both chains of the dimer and six coordinating
water molecules. The atom colors are as follows: carbon, dark gray; nitrogen, blue; oxygen, red; and magnesium, black. Orientation of the
molecule is as in (A). The figure was produced with BOBSCRIPT (Esnouf, 1999) and Raster3D (Merritt and Bacon, 1997).
CAP in Dictyostelium Is a Multimer lase, a 60 kDa protein, forms multimers of 240 kDa.
From this it appears that CAP is hexameric in solution.During fractionation of cellular extracts from D. dis-
coideum by gel filtration chromatography, we noted that Multimerization of CAP was further confirmed by chemi-
cal crosslinking studies using EDC. CAP could be cross-CAP did not elute at the expected position for a mono-
meric protein of 50 kDa but rather as a multimer. Bacteri- linked very efficiently, as shown by disappearance of
the monomer and appearance of multimers, which wereally expressed CAP exhibited similar behavior and
eluted from a gel filtration column in front of catalase, detected after immunoblotting and probing with mono-
clonal antibodies (Figure 4, lower panel).which was added for control (Figure 4, top panel). Cata-
Structure of the Cyclas-Associated Protein
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Figure 3. Superposition of CAP-N and 14-3-3
Orientation of CAP-N (in blue) is the same
as in Figure 2B. The superimposed 14-3-3
protein is in red.
Discussion polar interfaces, with many water-mediated contacts.
We have produced a 209 residue C-terminal fragment
of the D. discoideum CAP, which included residues 255–The N-terminal domain of CAP is exclusively composed
of  helices connected by irregular loops of 5–12 resi- 464. This fragment encompasses the -thymosin-like
G-actin binding region (residues 255–293) (Paunola etdues; the helices are arranged into a 6 helix bundle, which
is connected in the complete protein to the C-terminal al., 2002) and the primary higher affinity actin binding
region (approximately the last 30 residues) (Figure 1B).domain through a proline-rich linker. The structure of
the C-terminal domain of S. cerevisae CAP has been CAP(255–464) elutes at 76 kDa in gel filtration experi-
solved recently (Roswarski et al., 2003) (PDB ID 1K4Z).
In contrast to our N-terminal domain structure, the C
terminus of CAP is built solely by parallel  strands that
form a right-handed  helix of six turns. The  helix
itself forms a homodimer with two  structures arranged
antiparallel to each other. It is interesting to note that
the cyclase and actin binding sites are located in the
whole protein on positions that are structurally indepen-
dent from each other.
A magnesium ion seems to be responsible for dimer-
ization in the CAP-N crystals. This feature is worth noting
because Mg2 also plays an important role in the mecha-
nism of adenylyl cyclases (Hanoune and Defer, 2001),
which bind Mg2 with high affinity (Hurley, 1999). The
dimer crystals were, however, grown at a nonphysiologi-
cal concentration of MgCl2 (0.2 M). CAP-N is monomeric
in solution at NMR concentrations of 0.1 to 1 mM in
protein and from 0 to 100 mM in salt (phosphate, Tris,
NaCl [pH 6.5–7.6]). Gel filtration also indicated a single
monomeric species, which elutes at approximately 22
kDa. NMR titration of a 0.5 mM 15N-labeled CAP-N with
MgCl2 detected no Mg2 NH-induced chemical shifts
and no increase in NMR proton line-widths at the protein
to Mg2 ratio of up to 1:40, respectively, indicating no
oligomerization upon addition of Mg2. The entire N-ter-
minal fragment (residues 1–226), however, is dimeric in
solution at salt concentrations of 50–100 mM (phos-
phate/NaCl) in the absence of Mg2. Both NMR and
gel filtration (the elution peak at 44 kDa) indicate the Figure 4. Multimerization of CAP
presence of the dimer (data not shown).
Gel filtration (upper panel) and chemical crosslinking (lower panel)
It is clear from our NMR, gel filtration, and structural show that CAP is a multimer. Top: 150 g of recombinant CAP were
data for CAP(1–226) and the C-terminal domain that mixed with 100 g of catalase (240 kDa) as an internal standard,
and the mixture was loaded onto a Superose 12 column (AmershamCAP domains oligomerize and that this feature may be
Biosciences). The load is shown in the first lane, followed by frac-important for the biological activities of CAP. Oligomer-
tions #22 to #30. CAP eluted as a sharp peak at a position thatization most probably is mediated by the first 50 N-terminal
corresponds to a molecular mass of about 370 kDa. Bottom: Bovineresidues of CAP and/or by the -helical C-terminal do-
serum albumin (control) and CAP were treated with EDC for 3 min
main of CAP in its native form. The crystal structure of and further analyzed by SDS-PAGE. Crosslinked multimers of CAP
the S. cerevisiae domain shows it to be dimeric in the can be detected in Coomassie blue-stained gels and after incuba-
tion with the monoclonal antibody 230-18-8.absence of Mg2; the monomers interact via extensive
Structure
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Table 3. DALI Statistics
Name PDB ID Z-score Rmsd RES-ALI RES-ALL Identity (%)
14-3-3 1QJA 7.7 3.8 128 217 7
Malt domain IV 1HZ4 5.4 3.3 96 366 11
Threonine phosphatase 1A17 5.0 4.6 87 159 10
CO-Chaperone 1FPO 4.4 3.6 83 171 10
Leptin 1AX8 4.4 2.7 80 130 9
Kerosteroid Isomerase 1E2A 4.2 3.4 78 102 10
Crystalin 1AUW 4.1 10.2 140 447 9
Arfaptin 1I4D 4.0 3.6 81 188 12
ments that were carried out in a low salt buffer (PBS, minal 50 residue fragment would become structured
only when bound to adenylyl cyclase.pH 7.4). NMR spectra of this sample showed clearly the
presence of oligomeric species in solution (data not The fold of CAP-N is similar to that of the core of the
14-3-3 proteins although CAP-N has only 7% aminoshown).
Biochemical data from gel filtration and chemical acid identity to the human homolog. 14-3-3 proteins
constitute a highly conserved family of homo- and het-crosslinking indicate indeed that the full-length CAP is
a multimer (Figure 4). Gel filtration indicates that CAP erodimeric molecules present in abundance in all eu-
karyotic cells and have been implicated as key regula-could exist in hexameric to decameric states in its native
form. CAP might adopt a symmetric ring-like structure tors of signal transduction events (Aitken, 1995, 1996;
Fu et al., 2000). It was therefore interesting to learn thatwith the N-terminal domains in the middle of the ring
and the actin binding domains at the outer surface. This Zhou et al. (2000), using the two-hybrid system and
coprecipitation experiments, observed the interactionarrangement would allow for a complementary interac-
tion between CAP and adenylyl cyclases (AC). Mam- of the N-terminal domain of CAPs from Lenzinus edodes
and S. pombe with the 14-3-3 proteins. This interactionmalian adenylyl cyclases consist of two hydrophobic
domains (with six transmembrane spans) and two cyto- was restricted to the N-terminal domain and not ob-
served for the full-length CAP. The authors speculatedplasmic domains, resulting in a pseudosymmetrical
wreath-like dimer (Zhang et al., 1997; Tesmer et al., that the C-terminal region of CAP might mask the 14-
3-3 binding site in the N-terminal domain. We have stud-1997). This topology is present in two (adenylyl and
guanylyl) cyclases of D. discoideum. Two adenylyl cy- ied the binding of a human full-length 14-3-3 (Samuel
et al., 2001) with our Dictyostelium CAP-N and the longclases have been isolated in D. discoideum: Dictyoste-
lium adenylate cyclase A, DdACA, and Dictyostelium variant of the N-terminal domain of CAP (residues 1–225)
by NMR and found no evidence for any interaction be-adenylate cyclase G, DdACG (Roelofs et al., 2001a; Pitt
et al., 1992). A classical mammalian AC structure could tween these two proteins (data not shown).
Structures of 14-3-3 dimers have similar topologiesbe positively identified in DdACA, whereas DdACG, hav-
ing a single transmembrane span, might be more remi- to that of the CAP-N dimer (Aitken, 1996; Fu et al., 2000).
Detail modes of dimerization of CAP-N and 14-3-3 pro-niscent of the membrane bound guanylyl cyclase topol-
ogies. Recently, a Dictyostelium guanylyl cyclase has teins are, however, different. In CAP-N, helices 3, 4, and
5 participate in the dimer interaction, whereas in 14-3-been also identified that retains the topology of the
mammalian adenylyl cyclase (Wills et al., 2002; Roelofs 3 two short N-terminal helices, not present in CAP-N,
interact with helices 2 and 3 (in the CAP-N numberinget al., 2001b).
The N-terminal domain of CAP binds to the C-terminal system).
region of adenylyl cyclase, and this association is re-
quired for the in vivo response of adenylyl cyclase to Conclusions
The cyclase-associated protein CAP has at least twoRas (Nishida et al., 1998). The binding region for the
CAP-adenylyl cyclase interaction could be further nar- distinguishable functions: it plays a role in signaling via
binding to adenylyl cyclase, and it alters the dynamicrowed to the first N-terminal 36 residues in the S. cere-
visiae CAP (Nishida et al., 1998). These residues would rearrangement of the microfilament system by binding
G-actin with the C terminus. The cyclase and actin bind-correspond to the first 50 N-terminal residues of the
Dictyostelium CAP that were shown by us to be in a ing sites are located on positions that are structurally
independent from each other. The structure of the Nrandom coil conformation in the free protein. Nishida et
al. also proposed that the basis of the CAP-adenylyl terminus determined in the present study is an all-helix
bundle, in a stark contrast to the C terminus of CAP,cyclase interaction is an intermolecular coiled-coil helix
involving 36 amino acid residues of CAP and the 119 which is solely built by parallel  strands. CAP-N crystal-
lizes both as a monomer and dimer.residue fragment near the C terminus of adenylyl cy-
clase. These two mutual binding partners have typical Because the C terminus forms dimers as well, CAP
might form multimers. In addition, the linker regions be-heptad repeat motifs (XXXXX, where  represents
a hydrophobic amino acid) indicative of a coiled-coil tween the N- and C-terminal domains harbor in most
CAP homologs a SH3 binding activity, which in the caseinteraction. Moreover, the authors could show that mu-
tations of the  residues abrogated the CAP-adenylyl of a Drosophila CAP homolog interacts with the Tyr-
kinase Abl and is thus involved in axon guidance signal-cyclase interaction (Nishida et al., 1998). These data
corroborate a hypothesis whereby the unfolded N-ter- ing (Hubberstey and Mottillo, 2002).
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and corrected by using the interactive 3D graphics of the programThe typical topology of adenylyl cyclases in mamma-
MAIN. The final model has a R crystallographical factor of 18.4%lian cells contains two 6 transmembrane domains. In
and a free R factor of 21%.D. discoideum, proteins of similar topology have been
The monoclinic crystal form was substituted from the Patterson
identified (Roelofs et al., 2001a, 2201b, 2003). A ring- search using the model coordinates from the P1 crystal. The model
like oligomer of CAP subunits could very well fit into was refined to a R factor of 19.6% and a free R factor of 24%.
Searches for structurally related proteins were carried out with thethis complex also connecting the cyclase to the actin
DALI server. The refinement statistics data are summarized incytoskeleton via the actin binding function of the C ter-
Table 2.minus of CAP. The minimal cyclase binding site for the
D. discoideum CAP is most probably located within the
Chemical Crosslinking
N-terminal 50 residue fragment, which is unstructured Recombinant CAP was expressed and purified essentially as de-
in the free protein and would become structured only scribed (Gottwald et al., 1996). For chemical crosslinking, the pro-
when bound to adenylyl cyclase. tein was used at a concentration of 0.5 mg ml1 in 20 mM HEPES,
20 mM NaCl (pH 7.0). After preincubation with 5 mM NHS
(N-hydroxylsulfosuccinimide) for 10 min at RT, EDC (1-ethyl-3-(3-Experimental Procedures
dimethylaminopropyl) carbodiimide-HCl) was added to final concen-
tration of 10 mM. Crosslinking took place for 3 min at RT, and theCloning, Expression, and Crystallization of N-Terminal CAP
reaction was stopped by adding 20 mM Tris/HCl (pH 7.5) and 12To amplify the N-terminal domain of 176 residues of CAP (CAP-N),
mM -mercaptoethanol.we employed the polymerase chain reaction (PCR) method. The
PCR product was subcloned into the pT7-7 expression vector using
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